A computer-aided homology search of databases found that the nucleotide sequences flanking ATLN44, a non-LTR retrotransposon (LINE) from Arabidopsis thaliana, are repeated in the A. thaliana genome. These sequences are homologous to flanking sequences of 664 bp with terminal inverted repeat sequences of about 70 bp. The 664-bp sequence and most of the 14 homologues identified were flanked by direct repeat sequences of 9 bp. These findings indicate that the repeated sequence, named Tnatl, is a transposable element that duplicates a 9-bp sequence at the target site on transposition and that ATLN44 is inserted in one Tnatl member. Interestingly, all of the Tnatl members had tandem repeats comprised of several units of a 60-bp sequence, the number of repeats differing among Tnatl members. Of the Tnatl members identified, one was inserted into another sequence repeated in the A. thaliana genome: that sequence is about 770 bp long and has terminal inverted repeat sequences of about 110 bp. The sequence is flanked by direct repeats of a 9-bp sequence, indicating that it is another transposable element, named Tnat2, from A. thaliana. Moreover, Tnat2 members had a tandem repeat about 240 bp long. Tnatl and Tnat2 with tandem repeats in their internal regions show no homology to each other or to any of the elements identified previously; therefore they appear to be novel transposable elements.
Introduction
to have the transposase gene. These elements, however, do have TIRs and appear to generate duplication of a Eukaryotic genomes have various types of interspersed sequence of a few base pairs at the target site. These DNA sequences, many of which have been charactera n d s o m e o t n e r elements with TIRs often are collectively ized as mobile genetic elements. 1 These elements include called MITEs (miniature inverted-repeat transposons). 10 transposable DNA elements which move from one site Retroelements which transpose via cDNA synthesis to another by excision and reintegration. Many types of f rom a n RNA intermediate comprise another category transposable DNA elements in plants have been identio f mo bile genetic elements which consist of retrotransfied and classified into three major families; 2 Ac, En/Spm poS ons with long terminal repeats (LTRs) and nonand MuDR. These elements have terminal inverted re-LTR retrotransposons (also called LINEs). 11 -12 We repeat sequences (TIRs) characteristic of individual ele-C ently reported that LINEs are ubiquitous components ments and a gene(s) encoding transposase which pro-i n the plant kingdom as are LTR retrotransposons. 13 motes transposition. By the action of the transposase, During the course of our work, many LINEs present a target sequence several bp long is duplicated during j n A. thaliana (named ATLN) were identified by a transposition. Small non-autonomous elements are pro-computer-aided homology search of nucleotide sequences duced from these elements by deletion of a transposase i n databases. We report here that one of the ATLN gene. These non-autonomous elements transpose when elements, ATLN44, is inserted in a novel transposable transposase is provided by an autonomous element. 3 -4 In element that has tandem repeats of a sequence about addition, plant genomes contain other elements, such as 60 bp long and that one of the Tnatl members in the Tnrl/Stowawa^' 7 and Tourist, 8 
Materials and Methods

Plant materials
Total DNAs from three ecotype strains of A. thaliana. Columbia, Landsberg and Wassilewskija, were used. The DNA samples were provided by Dr. M. Umeda.
Computer analyses
The nucleotide sequence homology search was done with the programs FASTA, 14 BLAST 15 and MP search 16 against the sequences in the DDBJ/GenBank/EMBL DNA databases. Multiple sequences were aligned using the program CLUSTAL W, version I.7. 1 ' Primary nucleotide sequences were analyzed with the programs HarrPlot 2.0 and GENETYX-Mac 10.1 system (Software Development).
PCR
The polymerase chain reaction (PCR) was done with a reaction mixture (50 fil) containing 200 to 300 ng plant DNA, 10 nmol of each dNTP, 25 pmol of each primer and 1.25 units of EX Taq DNA polymerase (Takara) in buffer provided by the supplier of the enzyme. Thirty cycles of amplification were done under the following conditions: denaturation for 30 sec at 94°C, annealing for 30 sec at 55°C, and DNA synthesis for 2 min at 72°C. A Gene Amp PCR System 9700 (Perkin Elmer) was used for the PCR. PCR products were separated in a 1.8% agarose gel.
2-4-Nucleotide sequence accession numbers
The consensus nucleotide sequences of Tnatl and Tnat2 will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases under accession numbers AB033593 and AB033594.
Results
Identification of a novel transposable element,
Tnatl Many LINE homologues from A. thaliana (Columbia) were identified by a computer-aided homology search of databases using the nucleotide sequence of the LINE member, ATLN4. 13 A further homology search of the sequences of the flanking regions of each homologue showed that sequences that flank the homologue ATLN44 were present as a repeated sequence in the A. thaliana genome ( Table 1 ). The length of the repeated sequence (without the inserted ATLN44 sequence) was 664 bp. This sequence had terminal inverted repeats (TIRs) of about 70 bp. Direct repeats of a 9-bp sequence were present in the regions adjacent to the 664-bp sequence ( Fig. 1 ), indicating that this sequence is a transposable element, designated Tnatl (Transposable element of A. thaliana 1), that generates the target site duplication (TSD) with the 9-bp sequence. Interestingly, this element had a sequence about 60 bp long which is repeated 7 times in tandem ( Fig. 1 ). Dot matrix analysis showed a box-like structure with parallel lines at intervals of about GO bp ( Fig. 2) .
Of the 14 Tnatl members (called Tnatl-1 to Tnatl-14) identified, most had TIRs of 70 bp, but a few showed truncation for one of the TIRs of the Tnatl sequence ( Table 1 ). Most Tnatl members with TIRs appeared to generate a TSD with a 9-bp sequence ( Fig. 1 , Table 1 ). The target sequences of Tnatl differed but were very rich in AT content, 88.9% on average ( Fig. 1 , Table 1 ). All of the Tnatl members had tandem repeats of a unit sequence about 60 bp long (Fig. 1 ). The Tnatl members had different unit numbers of tandem repeats ( Fig. 1) , as shown by the numbers of parallel lines in the dot matrices ( Fig. 2 ). These tandem repeat sequences of the Tnatl members were homologous to one another ( Fig. 1 ).
Presence of Tnatl members in three ecotype strains
of A. thaliana PCR was done with a pair of primers that hybridized with the flanking sequences of Tnatl-2 to Tnatl-6 of the total DNAs from three ecotype strains of A. thaliana as templates: Columbia, Landsberg and Wassilewskija. All three strains generated fragments (852 bp long) with Tnatl-4 ( Fig. 3 ). They also generated fragments with Tnatl-5 or Tnatl-6 when a relevant pair of primers was used (data not shown). These results show that Tnatl-4 to Tnatl-6 are present in the three A. thahana strains and suggest that these Tnatl members were present before the divergence of the A. thaliana strains. Two A. thaliana strains, Columbia and Landsberg, generated fragments (780 bp long) with Tnatl-3 ( Fig. 3 ), evidence that Tnatl-3 is present in those strains. Another A. thaliana strain, Wassilewskija, did not generate any fragments ( Fig. 3 ), indicating that Wassilewskija genomic DNA has had a base substitution(s) or deletion(s) which inhibits the ability of a primer(s) to hybridize to the genomic DNA, resulting in PCR amplification failure.
Interestingly, the three A. thaliana strains generated two fragments, one (1011 bp long) with another Tnatl member, Tnatl-2, and the other (260 bp long) without Tnatl-2 ( Fig. 3) , evidence that the sequences that hybridize with the primers used are repeated in the A. thaliana genome and that Tnatl-2 is inserted in one of the repeating units.
Characterization of the target sequence for Tnatl-2:
Finding of a second transposable element, Tnat2 A homology search of the databases using the flanking sequences of Tnatl-2 found homologous sequences in many different loci (Table 1) , which supports the indication that the sequence used as the target for insertion of Tnatl-2 is repeated in the A. thaliana genome. Most of the homologous sequences had TIRs of about 110 bp and were flanked by direct repeats of a 9-bp sequence ( Fig. 4 , Table 1 ), evidence that the sequences are members of another transposable element which was designated Tnat2 (Transposable element of A. thaliana 2). The 9-bp sequences duplicated differed from one another, but all were rich in AT content, 88.9% on average ( Fig. 4 , Table 1 ). Interestingly, all of the Tnat2 members had tandem repeats of a sequence of about 240 bp (Fig. 2, Fig. 4 ). PCR with a relevant pair of primers that hybridized with the sequences of the flanking regions of Tnat2-2, Tnat2-3 or Tnat2-4 w a s done to see whether these elements are present in three ecotype strains of A. thaliana; Columbia, Landsberg and Wassilewskija. All the strains generated fragments with Tnat2 (data not shown), showing that Tnat2 members are present at the respective loci in the A. thaliana genomes.
Discussion
We have shown here that Tnati with TIRs of about 70 bp is a transposable element which appears to generate duplication of a 9-bp target sequence and that Tnat2 with TIRs 110-bp long is another transposable element that generates duplication of a 9-bp target sequence. We have identified 14 Tnati members and 10 Tnat2 members in the A. thaliana genome by a homology search of databases (see Table 1 ). Considering that about 60% of the genome sequence has been determined as of this search, the A. thaliana genome is assumed to contain about 24 members of Tnati and about 17 members of Tnat2. These Tnati and Tnat2 members appear to be distributed in all the chromosomes of A. thaliana, as judged from the locations of BAC clones used for genome sequencing ( Table 1 ). All the members of Tnati and Tnat2, except one, were less than 1000 bp long ( Table 1) , indicating that these are not autonomous transposable elements and that the transposase gene is required for transposition. To identify autonomous elements, we made a homology search of the databases using the sequences of Tnatl and Tnat2 members, but could not identify them.
The TIRs of Tnatl and Tnat2 were not homologous to those of Ac/Ds and Spm/dSpm nor to those of Tourist and Tnrl/Stowaway, small elements identified in plants. 5 Fig. 1 ). Note that the nucleotide length given between parallel lines indicates the size of a unit sequence (60 or 240 bp) in the tandem repeats. those of the other elements indicate that these two elements are novel transposable elements. The transposable element MuDR (4942 bp) from maize 20 has TIRs of large size and generates duplication of a 9-bp sequence at the target site, as do Tnatl and Tnat2. MuDR has five different sets of direct repeats 11-27 bp long, each repeated three to five times in a central region between two MuDR genes, mudrA and rnudrB. Therefore it is likely that Tnatl and Tnat2a.m related to MuDR. The tandem repeat sequences in the Tnat elements, however, were not homologous to the direct repeat sequences in MuDR. and the TIRs of Tnatl and Tnat2 were not homologous to those of MuDR. A recently identified MITE element, Bigfoot, 2i also generates duplication of a 9-bp sequence at the target site, as do Tnatl and Tnat2. This element, however, has no tandem repeat sequences within it, and its TIRs were not homologous to those of Tnatl and Tnat2. As stated, Ac and En/Spm have repetitive sequences in their subterminal regions. These repeat regions, which are required for transposition, are bound by the transposase encoded in each element. 2122 The tandem repeat sequences of Tnatl and Tnat2 therefore are thought to be required for the transposition of these elements. In the subterminal regions of Ac, a common AAACGG motif sequence is present, and methylation of the CGG sequence is considered to be involved in the regulation of transposition. 22 The elements in the En/Spm family have very different repetitive sequences in their subterminal regions but have the CGG sequence, whose methylation regulates their transposition. 3 The tandem repeat sequences of Tnatl have two AAACGA sequences, similar to the subterminal motif sequence of Ac (AAACGG), as well as a TATCGG sequence, which suggests that this element also may be regulated by methylation. The tandem repeat sequences of Tnat2 do not have the CGG sequence but do have several CG and CNG sequences, suggesting that methylation at these sequences in Tnat2 may regulate transposition.
Small elements from Oryza sativa, called Tnr2, Tnr4 and Tnr8, that have tandem repeats in the internal regions, have recently been identified in our laboratory (unpublished results). Tnr2 (157 bp) with TIRs of 56 bp has a tandem repeat of 20 bp in its internal region. TnrJ. (1767 bp) with TIRs of 64 bp has two kinds of tandem repeats, 84 and 93 bp, in its internal region. Tnr8 (418 bp) with TIRs of 187 bp has tandem repeats of 30 bp. These elements do not show sequence homology to one another, rather they appear to generate a TSD with a 9-bp sequence like that of the Tnatl and Tnat2 described in this paper. The dot matrices made by the same sequences of Tnatl and Tnat2 members showed a box-like structure with parallel lines (Fig. 2) . The same structure was present in Tnr2, Tnr4 and Tnr8. Therefore when a sequence with tandem repeats occurs in a genome, it may be a critical portion of a transposable element. Another interesting speculation is that transposable elements, including Ac and En/Spm, may be derived from elements with simple tandem repeat sequences, converting them into elements with complicated subterminal repeats by genetic recombinations in the tandem repeat sequences. 
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